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ABSTRACT
Chromatin immunoprecipitation combined with DNA
microarrays (ChIP-chip) is a powerful technique to
detect in vivo protein–DNA interactions. Due to low
yields, ChIP assays of transcription factors gener-
ally require amplification of immunoprecipitated
genomic DNA. Here, we present an adapted linear
amplification method that involves two rounds of T7
RNA polymerase amplification (double-T7). Using
this we could successfully amplify as little as 0.4ng
of ChIP DNA to sufficient amounts for microarray
analysis. In addition, we compared the double-T7
method to the ligation-mediated polymerase chain
reaction (LM-PCR) method in a ChIP-chip of the
yeast transcription factor Gsm1p. The double-T7
protocol showed lower noise levels and stronger
binding signals compared to LM-PCR. Both LM-PCR
and double-T7 identified strongly bound genomic
regions, but the double-T7 method increased sensi-
tivity and specificity to allow detection of weaker
binding sites.
INTRODUCTION
DNA microarray location analysis of DNA-binding
proteins using chromatin immunoprecipitation (ChIP–
chip) is making important contributions to the investiga-
tion of DNA-bound proteins such as the regulatory
factors that control gene expression. ChIP-chip studies
have already been successfully used for high-resolution
mapping of nucleosome positions (1), for identiﬁcation of
transcription factor binding sites (2) and for elucidating
how histone modiﬁcations relate to transcription (3).
Increased resolution of microarray technology and
ongoing optimization of experimental protocols will
boost the eﬃciency of this technique, further increasing
its already widespread use.
The basic principle of ChIP is straightforward and
typically involves in vivo coupling of proteins to DNA
using a crosslinking agent such as formaldehyde (4,5).
DNA is then fragmented, by sonication or nuclease
digestion, followed by immunoprecipitation with speciﬁc
antibodies against the protein of interest, thereby enrich-
ing for crosslinked genomic fragments. After reversal of
the crosslinks, the immunoprecipitated DNA is puriﬁed,
labeled and hybridized onto a DNA microarray (6).
Probes corresponding to regions in the genome bound by
the protein of interest will show enrichment for the immu-
noprecipitated sample compared to input. Alternative
methods for microarray detection of protein–DNA inter-
actions exist, such as tethering DNA-binding proteins to
DNA adenine methyltransferase, resulting in a localized
methylation around genomic binding sites (7). Similar to
ChIP, in DamID the location of genomic binding sites can
then be inferred following isolation of the methylated
DNA fragments and hybridization to whole-genome
DNA microarrays.
A crucial step in these techniques is obtaining suﬃcient
material ( 1–5mg) for DNA microarray hybridization.
Whereas immunopreciptiation of abundant proteins such
as histones often readily provides the required amounts of
bound DNA, the yields for transcription factors with a
limited number of genomic binding sites is in the sub-
nanogram (ng) range (8). One way to address this problem
is to increase the amount of starting material, but for
transcription factors with only a few genomic binding sites
this is hardly feasible. Therefore, the amount of ChIP
material for hybridization is often increased by ampliﬁca-
tion. PCR-based methods like ligation-mediated PCR
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unwanted bias toward certain DNA sequences. This is
exaggerated by the exponential nature of the ampliﬁcation.
Previously, itwas shown thatalinear ampliﬁcation method
based on T7 RNA polymerase transcription prevents this
bias (9). Using this protocol, 2.5ng of endonuclease-
digested genomic DNA was increased to 10mg ampliﬁed
RNA (aRNA). Several groups have now successfully used
T7 ampliﬁcation for ChIP-chip analysis of nucleosomes
and histone modiﬁcations (10,11). However, for tran-
scription factors, single round T7 ampliﬁcation still
yields insuﬃcient amounts of aRNA for microarray
hybridizations.
Here, we present a two-step T7 ampliﬁcation protocol
that can accurately and reproducibly amplify as little as
0.4ng of chromatin immunoprecipitated DNA for micro-
array analysis. Importantly, in our experiments, the
double-round T7 ampliﬁcation method also shows
improved signal-to-noise ratios when compared to con-
ventional LM-PCR, resulting in increased sensitivity and
speciﬁcity to detect genomic regions bound by DNA-
sequence-speciﬁc transcription factors.
MATERIALS AND METHODS
Constructionof strains
GSM1 was TAP-tagged at the carboxy-terminus by
integration of a PCR fragment encoding the TAP tag
and TRP1 marker into Saccharomyces cerevisiae wild-type
YPH499 (MATa ura3-52 lys2-801 ade2-101 trp1-63 his3-
200 leu2-1) strain (12). TBP was avitag-tagged at the
amino terminus in wild-type W303B (MATa ade2-1 ura3-1
his3-11,15 leu2-3,112 trp1-1 can1-100) as described pre-
viously (13). The TBP-avitag and GSM1-TAP strains
were veriﬁed by immunoblot analysis and by PCR of
genomic DNA, using primers corresponding to the tagged
allele.
Chromatin immunoprecipitation
Preparation of chromatin extracts and immunoprecipita-
tion steps were performed as described previously (13). In
short, yeast cells were grown in synthetic complete (SC)
medium containing 2% glucose. 400ml of cells at an
OD600 0.5–0.6 was crosslinked with 1% formaldehyde for
20min before chromatin was extracted. The TBP-avitag
strain was transformed with pRS313-BirA-NLS plasmid
(13) and grown in SC medium containing 2% glucose,
250nM biotin and lacking histidine. After harvesting, cells
were disrupted by vortexing in FA lysis buﬀer (50mM
HEPES–KOH pH 7.5, 150mM NaCl, 1mM EDTA, 1%
Triton X-100, 0.1% Na-deoxycholate, 0.1% SDS), cen-
trifuged and chromatin pellet was washed in FA lysis
buﬀer followed by sonication (Bioruptor, Diagenode: 7
cycles, 30s on/oﬀ, medium setting) to produce a fragment
size of  400bp. For the TAP IPs, 400ml of chromatin
extract and 10ml BSA (25mg/ml) was incubated with 40ml
of IgG Sepharose beads (Amersham) for 1h and 45min.
For histone 3 (H3) and RNA polymerase II (pol II) IPs,
2ml of anti-H3 (Abcam, ab1791) and 10mg anti-RNA pol
II (8WG16) antibodies were coupled to 30ml of protein A
magnetic beads (Invitrogen). After the IP, the beads were
washed and eluted accordingly. TBP IP was performed
using 80ml of streptavidin magnetic beads (Invitrogen),
and was processed as described (13). For reversal of
formaldehyde crosslinking, input and ChIP samples were
incubated at 658C overnight in 10mM Tris–HCl pH 7.5,
1mM EDTA, 1% SDS, 0.5M NaCl and ribonuclease A
(75mg/ml). Samples (100ml) were subsequently treated
with 100mg proteinase K (Roche) at 378C for 2h. Finally,
DNA was obtained by phenol extraction followed by
puriﬁcation on PCR puriﬁcation kit columns (Qiagen).
First roundof T7amplification
Input and ChIP samples were ampliﬁed using an adapted
version of the T7 based protocol described by Liu et al.
(9), adding a second ampliﬁcation round to increase the
yield for low amounts of ChIP starting material
(Figure 1). Prior to the ampliﬁcation, samples were
treated with 1 U shrimp alkaline phosphatase (Roche) at
378C for 2h, and puriﬁed using the MinElute PCR
puriﬁcation Kit (Qiagen), eluting in 20ml EB buﬀer. This
step can also be performed directly after reverse
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Figure 1. Overview of the double-T7 RNA polymerase based linear
ampliﬁcation method. The steps in the T7 ampliﬁcation protocol are
illustrated for the top strand (black) of a double-stranded DNA
template. The bottom strand (gray) is analogously ampliﬁed but
omitted from this ﬁgure for clarity. After addition of poly(dT), an
anchored T7-(dA)18 oligo is annealed and the overhangs are ﬁlled in
using the Klenow fragment of DNA polymerase I. The resulting
double-stranded DNA fragment contains a functional T7 promoter that
drives the in vitro transcription reaction, generating multiple RNA
copies of the DNA template. To increase the yield for low starting
amounts of ChIP material, a second ampliﬁcation round is performed
after reverse transcription using random primers (RP=random
primers).
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and 5ng of DNA was typically used in the ﬁrst round of
ampliﬁcation. A poly(dT) tail was added to the 30-end of
ChIP DNA by a terminal transferase (TdT) (NEB) in a
reaction volume of 9ml reaction mixture [containing 5mlo f
sample, 1xTdT buﬀer (Roche), 75mM CoCl2, 0.4mM
ddCTP, 4.6mM dTTP and 0.1mg linear acrylamide] was
denatured at 958C for 2min, and then put on ice for 2min.
Samples were incubated at 378C for 20min with 20U TdT
enzyme (NEB). The tailed DNA fragments were puriﬁed
using the MinElute PCR puriﬁcation Kit by elution in
20ml EB buﬀer.
For the second strand synthesis an anchored T7-(dA)18
oligo (50-GGA GGC CGG AGA ATT GTA ATA CGA
CTC ACT ATA GGG AGA CGC GTG A18 B-30) was
used. A volume of 9.5ml reaction mixture containing,
7.5ml of sample, 1x NEB buﬀer 2, 0.25mM dNTPs and
25 nM T7-(dA)18 oligo was ﬁrst denatured at 958C for
2min, subsequently annealed at 358C for 2min (ramp
rate, 18C/s) and incubated at 258C for 2min (ramp rate,
0.58C/s). At this point, 1 U Klenow enzyme (NEB) was
added, and the reaction mixture was incubated at 378C for
90min. The double-stranded DNA fragments were
puriﬁed using the MinElute PCR puriﬁcation Kit.
In vitro transcription was performed using the
MEGAscript T7 kit (Ambion). A volume of 20ml contain-
ing, 7ml of sample, 7.5mM of each NTP, 1x reaction
buﬀer, 0.1mg linear acrylamide and 2ml enzyme mix was
incubated at 378C for 4h. The reaction was heat-
inactivated at 708C for 10min. In vitro transcribed RNA
was puriﬁed using the RNeasy kit (Qiagen) according to
the manufacturer’s instructions.
Second roundof T7amplification
For the second ampliﬁcation round typically between 50
and 150ng of ﬁrst-round ampliﬁed material was used for
the reverse transcription reaction. A reaction mixture of
10ml containing 1mg random primers (Invitrogen), and
9ml of sample was denatured at 708C for 10min and kept
on 488C. A ﬁrst-strand mixture of 10ml consisting of 2x
ﬁrst-strand buﬀer (Invitrogen), 10mM DTT, 40U of
RNase inhibitor (Roche), 2mM of dNTPs, 0.1mg linear
acrylamide and 200U Superscript III (Invitrogen) was
preheated at 488C before combining with the sample/
random primer mixture. The reaction mixture was then
incubated at 488C for 2h, denatured at 958C for 2min and
placed on ice for 5min. Single stranded DNA fragments
were puriﬁed using the MinElute PCR puriﬁcation Kit,
and eluted in 20ml EB buﬀer.
Second-strand synthesis was performed similarly as
described for the ﬁrst round of ampliﬁcation except that
the reaction volume and T7-(dA)18 oligo concentration
diﬀered. A reaction mixture of 20ml containing 15mlo f
sample, 1x NEB buﬀer 2, 0.25mM dNTP mix and 250nM
T7-(dA)18 oligo was denatured and annealed. Two units of
Klenow enzyme were added followed by incubation at
378C for 90min. The double-stranded DNA fragments
were puriﬁed using the MinElute PCR puriﬁcation Kit.
Samples were ampliﬁed using MEGAscript T7 kit as
described for the ﬁrst round except that the 20ml reaction
mixture consisted of 7ml of sample, 1x reaction buﬀer,
7.5mM ATP, 7.5mM CTP, 7.5mM GTP, 2.25mM UTP,
5.25mM of 5-(3-aminoallyl)-UTP and 2ml enzyme mix.
In vitro transcribed RNA was puriﬁed using the RNeasy
kit according to the manufacturer’s instructions.
LM-PCR
Ligation mediated PCR was performed as described
in (14).
RNA quantification and determination of fragmentsizes
The amount of DNA used in the ﬁrst round of
ampliﬁcation and the resulting RNA yield were assayed
using PicoGreen (Invitrogen) dsDNA and RiboGreen
(Invitrogen) RNA quantiﬁcation kits, respectively. The
amount of ﬂuorescence was measured on a NanoDrop
ND3300 (NanoDrop Technologies) ﬂuorospectrometer
and compared to a set of DNA and RNA standards.
Second-round ampliﬁed RNA was quantiﬁed on a
spectrophotometer (UVmini 1240, Shimadzu). The size
distribution of RNA fragments after single or double-T7
ampliﬁcation round was determined on a Bioanalyzer
(Agilent Technologies).
Labelingreactions
A reaction volume of 22ml consisting of 6mg aRNA
(double-T7) or 5mg DNA (LM-PCR), 4ml monofunc-
tional NHS-ester Cy3 or Cy5 dye (GE Healthcare) and
68mM sodium bicarbonate was incubated at 258C for 1h.
The reaction was quenched by addition of 12ml4 M
hydroxylamine at 258C for 15min. Unbound dyes were
removed using Chromaspin-30 (Clontech) columns, and
the eﬃciency of dye incorporation was measured using a
spectrophotometer (UVmini 1240, Shimadzu).
Blocking oligo forpreventing aspecific hybridization
withT7promoter sequences
During the initial microarray experiments a small subset
of microarray probes ( 200; 0.5% of all probes) showed
consistently high signal intensity, in both input and
ChIP samples ampliﬁed with the double-T7 protocol
(Supplemental Figure 1A). These microarray probes did
not show enrichment after LM-PCR ampliﬁcation of the
same samples. We examined these probes for common
sequence characteristics using Gibbs motif analysis (15)
(Supplemental Figure 1B). A small, but highly signiﬁcant
CCCTCTG motif was identiﬁed and found to correspond
to the small section of T7 promoter that is incorporated in
all ampliﬁed fragments during IVT (15) (Supplemental
Figure 1C). Considering that this motif is highly GC-rich
and present in great excess in the ampliﬁed, labeled
material, we surmised that cross-hybridization with this
T7 promoter fragment is responsible for the high signal
intensity on a small subset of probes.
This cross-hybridization aﬀects both ChIP and input
samples equally and is therefore unlikely to result in the
selection of false positives. Nevertheless, the resulting
increase in signal intensity obscures speciﬁc binding
sites that may otherwise be detected with these probes.
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probes containing CCCTCTG motifs. In case of tiling
arrays with oligo’s covering the complete genome, this is
however not possible. We addressed this by adding an
unlabeled blocking oligo with a T(14) CAC GCG TCT
CCC sequence in the hybridization step. An 80-fold molar
excess of blocking oligo indeed eﬀectively reduced the
signals from the aﬀected probes (Supplemental
Figure 1D).
Addition of blocking oligo could conceivably inhibit
hybridization at another subset of microarray probes that
contain the complementary GGGAGAC sequence motif.
Alternatively, the blocking oligo could actually improve
detection at these probes by preventing the T7 promotor
fragment from sequestering the corresponding labeled
genomic target sequences, thereby increasing availability
for hybridization with the microarray probes. To test
which of these eﬀects dominates, we investigated the
subset of microarray probes showing signiﬁcant enrich-
ment (P<0.05 and fold-enrichment >2) in Gsm1p
binding for probe sequences containing one or more
GGGAGAC motifs. Two probes were identiﬁed,
SCAD029882 and SCAD002834, corresponding to the
SFC1 and MRH4 promoter regions. A comparison to
the fold-enrichment in the original data revealed that the
reported binding ratios at these probes improved after
addition of blocking oligo (Supplemental Figure 1E). This
indicates that the use of a blocking oligo increases
availability for hybridization and thereby improves the
quality of ChIP-chip data, also on the complementary
GGGAGAC-containing probes. The use of blocking oligo
is also expected to beneﬁt other applications that make use
of T7 ampliﬁcation, such as microarray gene expression
studies.
Microarray hybridization and analysis
For the hybridization mixture, 4mg aRNA (double-T7) or
4mg DNA (LM-PCR) of reciprocal labeled input and
ChIP samples, with label incorporations between 2 and
4%, were combined together with 750ng of herring sperm
DNA, 40mg tRNA, 10mg human Cot1 DNA (Invitrogen),
50mM Na-MES buﬀer (pH 6.9), 500mM NaCl, 6mM
EDTA, 0.5% N-Lauroylsarcosine and 30% formamide in
a total volume of 500ml. For the indicated double-T7
experiments 30-mg blocking oligo (50-TT TTT TTT TTT
TTT CAC GCG TCT CCC-30) was added to the
hybridization mix. Samples were denatured at 958C for
3min and hybridized at 428C for 20h to high-resolution
oligonucleotide arrays (Agilent Technologies) that contain
60 mer oligonucleotide probes covering the complete yeast
genome at an average 266-bp resolution. The microarray
slides were washed for 5min each in wash buﬀer 1
(6xSSPE, 0.005% N-Lauroylsarcosine) and wash buﬀer 2
(0.06x SSPE), while stirring. Slides were scanned in an
Agilent DNA Microarray Scanner (Model G2565BA,
Agilent Technologies) and spot quantiﬁcation was carried
out using Imagene 4.0 (Biodiscovery). Genome-wide
localization analysis data were generated from four
independent hybridizations and two biological samples.
For each biological replicate, a dye-swap technical
duplicate was performed. The data can be viewed in
Supplementary Table 1 that contains binding ratios
[log2(ChIP/Input)] for the four hybridizations of T7 and
LM-PCR-ampliﬁed samples, mapped against the
ENSEMBL yeast genome version 37.1 (February 2006).
Following quantiﬁcation, the microarray data was
lowess-normalized over all probes with a span of 0.4.
A binding ratio (ChIP enrichment) was calculated for
each microarray probe by dividing the signal intensity of
the immunoprecipitated DNA sample by that of input,
consisting of input DNA. A conﬁdence value was calcu-
lated for each microarray probe using the MAANOVA
package and corrected for multiple testing using
Benjamini–Hochberg false-discovery rate control.
A combination of conﬁdence value and binding ratio
cutoﬀs was used to identify signiﬁcantly bound genomic
regions. Signals from neighboring probes were considered
to be part of a single binding event if they showed a
binding ratio >1.3 and ANOVA q<=0.1.
Average bindinganalysis
In order to calculate averaged binding proﬁles, the
genomic region around genes in the yeast genome were
divided in two regions consisting of 800-bp promoter and
the ORF, each further subdivided in three segments.
Within each segment, the probe with the highest binding
ratio was used as representative. For segments not covered
by microarray probes, a binding ratio was calculated by
linear interpolation from directly neighboring probes
within a distance of maximally 300bp. Averaged binding
proﬁles were constructed for a selection of genes by
calculating the geometric mean across each of the
segments. Random averaged binding proﬁles were derived
from a random selection of an equally sized set of genes
from the genome.
Motif analysis
Motif analysis was performed with the GIBBS motif
sampler at the Regulatory Sequence Analysis Tools
website (http://rsat.ulb.ac.be/rsat/) (16). The resulting
proﬁle obtained from the GIBBS sampler was used as
input for WebLogo (http://weblogo.berkeley.edu/logo.cgi)
to generate a visual representation (15).
Real-time PCR analysis
Real-time PCR was performed as described (13). The
mean and standard deviation of each ChIP was calculated
from two biological replicates that were assayed in dupli-
cate. The input control normalized signals are presented as
fold occupancy over HMR silent mating-type locus
region. Oligonucleotide sequences are available upon
request.
RESULTS AND DISCUSSION
Double-round T7-based amplification ofChIP samples
The original T7 RNA polymerase-based ampliﬁcation
protocol described by Liu et al. (9) was shown to work
eﬃciently on puriﬁed endonuclease-digested genomic
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after ChIP is aﬀected by formaldehyde crosslinking and
sonication, which reduces the eﬃciency of the ampliﬁca-
tion. As a result, the starting amount of ChIP material
required to obtain suﬃcient amounts for hybridization on
DNA microarray increases to  80ng (Table 1), which is
considerably higher than the yield of material obtained
after ChIP of transcription factors with a limited number
of genomic targets (8).
In order to improve the yield of T7-based ampliﬁcation,
several modiﬁcations were made to the original protocol
(9) (Figure 1). The main change was the addition of a
second round of ampliﬁcation, using reversed-transcribed
cDNA from the ﬁrst round as a template. Prior to in vitro
transcription (IVT), the T7 promoter is incorporated
during a Klenow ﬁll-in reaction, using the poly(dT) tail
that was added in the ﬁrst steps as an anchor (Figure 1). An
optimized T7 promoter oligo sequence was used to increase
the IVT yield (17). The incubation time of the two IVT
reactions was reduced to 4h each, to minimize the chance
of ampliﬁcation-induced artifacts. In the ﬁnal round of
IVT, aminoallyl-UTP was included for indirect labeling
with NHS-activated cyanine dyes. Between 4 and  5mgo f
labeled aRNA obtained from ChIP and input samples is
typically used for DNA microarray hybridization.
The performance of the double-round T7 ampliﬁcation
(double-T7) protocol was tested on sheared input DNA
that was isolated from a chromatin extract of S. cerevisiae.
After reversal of the formaldehyde crosslinking, 0.4 to
80ng of DNA was used in the ampliﬁcation reactions.
Input material ranging from 0.4 to 2.5ng was ampliﬁed to
<100ng after a single round of T7 ampliﬁcation (single-
T7). These amounts of input are in the lower range of
what is typically found after ChIP of DNA-binding
proteins (8). Double-T7 procedure gave consistent, high
yields that increased approximately linearly with these
amounts of starting material (Table 1 and Figure 2A).
At least 80ng of input was needed for single-T7 to
obtain suﬃcient material. For the double-T7, 0.4ng
starting material was suﬃcient for several hybridizations.
No diﬀerence of the aRNA size was observed when we
compared the single-T7 and double-T7 products, suggest-
ing there is no shortening of aRNA during the second
round of T7 ampliﬁcation (Figure 2B). At higher levels of
input DNA (>2.5ng) the ampliﬁcation eﬃciency using
double-T7 decreased, which is likely related to the
depletion of some reaction components. We also observed
that the ﬁrst round of ampliﬁcation was less eﬃcient
( 50-fold) compared to the second round ( 450-fold)
(Table 1). This may be attributed to the lower quality of
reverse-crosslinked DNA and low starting amount in the
ﬁrst round. The modiﬁed double-T7 protocol therefore
signiﬁcantly decreases the lower threshold for the amount
Table 1. Quantiﬁcation of single and double round T7 ampliﬁcation of
input ChIP DNA
Input (ng) Yield after
single T7 (ng)
Yield after
double T7 (ng)
0 <100
a 112
0.4 <100
a 4960
1 <100
a 20160
2.5 <100
a 35840
5 420 50240
b
20 2480 ND
c
80 9880 ND
c
aexact quantiﬁcation was not possible because of low yield.
b150ng from single T7 was used for second round of double T7.
cNot determined.
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Figure 2. Yields obtained from ampliﬁcation of diﬀerent amounts of input DNA. An input DNA sample was obtained by reverse crosslinking
chromatin extracts from a wild-type yeast culture, and used as starting material for a double-round T7 ampliﬁcation. (A) Averaged RNA yields after
two rounds of ampliﬁcation are plotted as function of the amount of starting material used, which ranged from 0.4 to 2.5ng. The concentration of
T7 oligo added to the Klenow reactions was scaled proportionally with the amount of starting material, and set to 25nM and 250nM for the ﬁrst
and second round, respectively. Assays were performed in duplicate and error bars indicate the standard deviation. (B) Analysis of fragment size of
ampliﬁed material after single round or double round of T7 ampliﬁcation. One hundred and ﬁfty nanograms of each sample was analyzed on an
Agilent 2100 Bioanalyzer together with a RNA size marker. The fragment sizes of the RNA marker are indicated.
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compared to the original protocol.
Next, we compared the single- and double-round T7
ampliﬁcation in ChIP assays for transcription regulatory
proteins (Table 2). Whereas the histone H3 ChIP yielded
suﬃcient material after single-round T7 ampliﬁcation, the
yields for RNA polymerase II (pol II) and TATA-box
binding protein (TBP) were not suﬃcient. In contrast, the
double-T7 method provided suﬃcient material for hybri-
dization of the pol II and TBP ChIPs. Table 2 also
indicates that smaller cultures could be used for the TBP
ChIPs. A control ChIP using empty protein A beads also
resulted in suﬃcient material. Together, these results show
that our double-T7 ampliﬁcation protocol can yield
suﬃcient material for DNA microarray hybridization of
ChIP assays of transcription regulatory factors.
Double-T7 amplification exhibits higher signal-to-noise
ratioscompared toLM-PCR
To test whether the increased ampliﬁcation yield still
allows proper detection of protein–DNA interactions, the
performance of the double-T7 method was compared to
the commonly used LM-PCR ampliﬁcation in ChIP.
DNA microarrays were used that contain 60 mer
oligonucleotide probes covering the complete yeast
genome at an average 266bp resolution. During initial
experiments a small subset of microarray probes ( 200;
0.5% of all probes) showed consistently high signal
intensity in both input and ChIP samples ampliﬁed with
the double-T7 protocol (Supplemental Figure 1). As
described in the Materials and Methods section, addition
of a blocking oligonucleotide corresponding to part of the
T7 RNA polymerase promotor sequence completely
circumvents this problem and this blocking oligo was
included in the subsequent hybridizations.
We compared double-T7 and LM-PCR per-
formance by analyzing binding sites of the putative
S. cerevisiae transcription factor GSM1p encoded by
YJL103C (Saccharomyces Genome Database; http://
www.yeastgenome.org). Gsm1p was recently character-
ized as a putative regulator of energy metabolism (18) and
binding sites for Gsm1p have only been characterized
in vitro, thus far. Two biological replicate samples were
generated and the ensuing ChIP material from each
replicate was subsequently divided equally, to be ampliﬁed
by either double-T7 or by LM-PCR. Both the double-T7
and LM-PCR methods yielded suﬃcient material for
multiple hybridizations. Ampliﬁed samples were labeled
according to the same protocols and hybridized in
duplicate on DNA microarrays. The label of input and
ChIP was swapped between replicates (dye-swap) resulting
in a total of four hybridizations for each method.
Because immunoprecipitation enriches for protein-
bound DNA fragments, the distribution of binding
ratios relative to an input is expected to be skewed
toward the ChIP sample. The double-T7 ampliﬁed
samples indeed shows this expected asymmetry in binding
ratio distribution, consistent with ChIP enrichment of
speciﬁc genomic DNA fragments (Figure 3A). The
majority of probes are close to baseline levels, consistent
with the expectation that Gsm1p only binds a limited
number of targets in the genome. In contrast, LM-PCR-
derived binding ratios of the same samples are rather
symmetrically distributed (Figure 3B), indicative of a
higher degree of technical variation.
An overview plot of chromosome 7 shows the average
signals of the four hybridizations for both double-T7 and
LM-PCR (Figure 3C and D). The noise around the
baseline is considerably reduced for double-T7 ampliﬁed
samples compared to LM-PCR samples and enriched
regions can more readily be identiﬁed. Taken together,
these data indicate that the double-T7 method results in
increased signal-to-noise ratios.
Double-T7 amplification improves detection of
Gsm1p-binding sites
The reduction in noise by the double-T7 method is
expected to result in an improved detection of Gsm1p-
binding sites. To test this we ﬁrst analyzed the ChIP-chip
data using both stringent and less stringent statistical tests.
The stringent analysis (ANOVA q<0.05 and binding ratio
 2) identiﬁed 140 genomic-binding events for Gsm1p
using double-T7, compared to 66 events for LM-PCR
(Figure 4A). There is considerable agreement between the
two methods, with 68% of LM-PCR-identiﬁed binding
events overlapping double-T7 identiﬁed regions.
Gsm1p is a DNA sequence-speciﬁc transcription factor
and as such it is expected to bind preferentially to
promoter regions. Following this assumption, the binding
proﬁles should therefore show enrichment at promoters.
To determine which method most accurately reproduced
this pattern, we computed and compared the average
binding proﬁles of double-T7 and LM-PCR ampliﬁed
samples for signiﬁcant gene regions selected by either
methods, or each method individually (Figure 4B–D).
As expected, Gsm1p shows clear association with promo-
ters for both the double-T7 and LM-PCR methods
(Figure 4B). Overall, the average enrichment with
double-T7 was 2-fold greater. Gene regions uniquely
identiﬁed by each method also showed enrichment at the
promoter compared to random selections, albeit with
reduced averaged binding ratios (Figures 4C and D).
We concluded that many of the binding sites uniquely
Table 2. Quantiﬁcation of single and double round T7 ampliﬁcation of
several ChIP samples
ChIP
sample
Culture volume (ml)
(OD600=0.6)
Yield after
ChIP (ng)
Yield after
single T7
(ng)
Yield after
double
T7 (ng)
H3 200 140 18000 ND
a
pol II 200 <20
b 500 31680
c
Prot A 200 <20
b 144 32000
TBP 400 <20
b 784 46080
c
TBP 200 <20
b 300 21840
c
TBP 100 <20
b 200 22880
c
TBP 25 <20
b 150 37600
aNot determined.
bExact quantiﬁcation was not possible because of low yield.
c150ng from single T7 was used for second round of double T7.
e21 Nucleic Acids Research, 2008, Vol. 36, No. 4 PAGE6 OF10identiﬁed by only a single method are still likely to
constitute valid Gsm1p targets, prompting us to relax the
selection criteria.
With a less stringent analysis (ANOVA q<0.05 and
binding ratio  1.5), the number of signiﬁcant binding sites
identiﬁed by LM-PCR ampliﬁcation increases to 521,
compared to 276 for the double-T7 method (Figure 4E).
Concomitantly, the overlap between double-T7 and
LM-PCR rose to 112, now including many of the gene
regions that were identiﬁed as unique to one method using
the more stringent selection criteria. Again, T7-ampliﬁed
samples showed higher ChIP enrichment for all over-
lapping binding events compared to LM-PCR (Figure 4F
and I). The relative increase in determined binding sites of
almost 8-fold for LM-PCR is striking and suggests the
inclusion of many false positives. This is supported by the
absence of a clear promoter enrichment in the averaged
binding proﬁle for gene regions uniquely identiﬁed in
LM-PCR samples (Figure 4H). In contrast, the number of
binding sites determined by the T7 method increases only
modestly (2-fold) and these show a ChIP proﬁle that is
consistent with transcription factor binding (Figure 4G).
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tion method detects Gsm1p binding with higher speciﬁcity
and sensitivity.
The validity of the binding sites identiﬁed with the
double-T7 and/or LM-PCR methods was further investi-
gated by quantitative PCR (qPCR) analysis. We randomly
selected genes that were signiﬁcantly enriched according to
the stringent analysis from the following groups: double-
T7/LM-PCR overlap; LM-PCR only; double-T7 only
(Figure 5D). qPCR analysis on the HAP4, OLE1 and
GAT2 loci conﬁrmed that double-T7 and LM-PCR had
both scored these loci as true positives (Figure 5A).
However, genes that were signiﬁcantly enriched by the
LM-PCR method only (LAC1, ARG82 and YDR157W),
showed no enrichment with qPCR, in agreement with the
double-T7 method (Figure 5B). This indicates that the
signiﬁcantly bound genes uniquely detected by LM-PCR
are likely to be false positives. All six loci (IDP2, RPN4,
COX19, UBI4, YOR050C and HST2) that were detected
with the double-T7 method only, and not with LM-PCR,
were conﬁrmed by qPCR (Figure 5C). The qPCR
validation therefore shows that the double-T7 method is
more accurate and more easily capable of ﬁnding weaker
binding sites.
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We present an improved T7 ampliﬁcation method that
signiﬁcantly reduces the amount of starting material
required for ChIP-chip, making it feasible to apply T7
ampliﬁcation for ChIP experiments with low yields. This
will beneﬁt studies of DNA-binding proteins with a
limited number of genomic binding sites as demonstrated
here. Specialized applications such as ChIP-reChIP and
ChIP-chip on tissues could also beneﬁt using this method.
In our experiments, the double-round T7 ampliﬁcation
method also shows superior performance when compared
to LM-PCR. Although there is a good degree of overlap
between both methods, many putative sites were uniquely
picked up by each method individually. Average binding
proﬁles across promoter regions and validation by qPCR
analysis conﬁrmed that the double-T7 method identiﬁed
binding sites with a much higher degree of accuracy. We
also ﬁnd that the signal-to-noise ratios are higher when
using double-T7 method. Taken together, this indicates
that the double-T7 method represents an important
improvement for obtaining accurate and reproducible
genome-wide binding proﬁles.
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